Superfluid density and superconducting gaps of RbFe 2 As 2 as a function of hydrostatic 

pressure 
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The superfluid density and superconducting gaps of superconducting RbFe2As2 have been deter- 
mined as a function of temperature, magnetic field and hydrostatic pressure by susceptibility and 
muon-spin spectroscopy (/iSR) measurements. From the data, fundamental microscopic parameters 
of the superconducting state like the London penetration depth A, the gap values A, the upper 
critical field B C 2, and the Ginzburg-Landau parameter k have been obtained. In accordance with 
earlier measurements the ratio of the superfluid density n s oc A -2 to the superconducting transition 
temperature T c — 2.52(2) K at ambient pressure is found to be much larger in the strongly hole- 
overdoped RbFe2As2 than in high-T c Fe-based and other unconventional superconductors. As a 
function of pressure T c strongly decreases with a rate of dT c /dp = -1.32 K GPa -1 , i.e. it is reduced 
by 52% at p — 1 GPa. The temperature dependence of n 3 is best described by a two gap s-wave 
model with both superconducting gaps being decreased by hydrostatic pressure until smaller gap 
completely disappears at p — 1 GPa. 



I. INTRODUCTION 

The antiferromagnetic BaFe2As2 is a mother com- 
pound of the "122" family of the iron-based arsenide 
unconventional superconductors. It crystallizes in the 
tetragonal ThCr2Si2 crystal structure with the space 
group of 14/mmmi High temperature superconductiv- 
ity can be induced in this system either by isovalent 
substitution 2 - - — , chemical charge carrier doping^ or hy- 
drostatic pressure^— highlighting the large flexibility 
of the recently discovered iron-based superconductors to 
tune its electronic properties in general. Highest su- 
perconducting transition temperatures are achieved by 
hole doping in Ba i _ a: A :! ;Fe2As2 upon substituting Ba by 
A = K- or Rt>i£~— with a gradual transition from the 
magnetically ordered ground stated towards a supercon- 
ducting state as a function of x. The optimal super- 
conducting transition temperature up to T c ~ 38 K is 
reached for x ~ 0.4 in both case s 9 ' 17 . Different hole and 
electron bands are crossing the Fermi level in case of the 
optimal doped system as revealed by angle-resolved pho- 
tocmission spectroscopy^ - — The topology of the Fermi 
surface is basically dominated by big hole bands around 
the r point and small electron bands at the M point 
presenting favorable nesting conditions possibly related 
to the magnetic instabilities. This favorable topology is 
also thought to lead to interband processes playing an 
important role for the superconducting stated Indica- 
tion of multi-gap superconductivity in the hole-doped 
system Bai_ a; Rb a ;Fe2As2 was confirmed by our recent 
/iSR measurements- 7 . Further hole doping reduces T c 
down to 3.5 K and 2.6 K for A = K and Rb, 23 for x = 1 
and shifts the electron bands to the unoccupied side. 24 
Therefore, one expects an absence of nesting conditions 
and hence of magnetic order, as confirmed for example by 



our /xSR zero field (ZF) measurements^ Another con- 
sequence is a strong decrease of the interband processes 
which might be related to the collapse of T c . Further- 
more, it was found that the superfluid density for the end 
compound of the series, RbFe2As2, is much larger than 
in other Fe-based and unconventional superconductors 17 . 
This might signal a more conventional nature of the su- 
perconducting ground state. A further microscopic char- 
acterization of this compound seems highly mandatory 
since it may, in comparison with the optimally doped 
compounds from the same series, provide valuable in- 
formation on the origin of high-T c superconductivity in 
Fe-based materials. Therefore, we extended our earlier 
/iSR studies on RbFe2As2 by performing measurements 
under hydrostatic pressure. Due to its comparatively 
low upper critical field B C 2 = 2.6(1) T and its reduced 
T c = 2.52(2) K, this system allows to study a large sec- 
tion of the B — T —p phase diagram. As exemplified by a 
number of recent studies, the /iSR technique is very well 
suited to investigate iron-based superconductors (see, for 
example, Ref. 1261 ) and to provide quantitative measures 
of several microscopic parameters of the superconducting 
ground state. Here we report the determination of T c , 
the London penetration depth A and hence the super- 
fluid density n s oc A~ 2 , the superconducting gap values 
A, the upper critical field B C 2, and the Ginzburg-Landau 
parameter k as a function of hydrostatic pressure. From 
our study it follows that the superconducting state in 
RbFe2As2 is indeed conventional and that hydrostatic 
pressure pushes it even further to the classical regime. 
Therefore a comparison of the electronic properties of 
RbFe2As2 under pressure with optimally doped members 
of the same family may provide essential information on 
the origin of the high-T c phenomena in Fe-based super- 
conductors. 
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II. EXPERIMENTAL DETAILS 

The polycrystalline sample of RbFe2As2, used for the 
present experiment, was synthesized in a two steps pro- 
cedure at the Laboratory for Solid State Physics of the 
ETH-Ziirich. 16 First, RbAs and Fe2As were prepared 
from pure elements in evacuated and sealed silica tubes. 
Then, appropriate amounts of RbAs and Fe2As were 
mixed, pressed into 8 mm diameter pellets and annealed 
at 650 °C for several days in evacuated and sealed sil- 
ica ampoules. The quality has been tested by x-ray 
diffraction and confirmed by our previous /iSR studies 
at ambient pressure 2 ^ that the sample is free from the 
magnetic ordering. Then, these cylindrical shaped syn- 
thesized pellets with total height of 10 mm were loaded 
into the CuBe pressure cell using Daphne oil as a pres- 
sure transfer medium. AC susceptibility measurements 
were performed with a conventional lock-in amplifier at 
0, 0.27, 0.46, 0.68 and 0.98 GPa pressures in a tempera- 
ture interval of 1.4-10 K, using the same pressure cell as 
for /iSR. Additional, magnetization data were obtained 
for pressures up to 5.4 GPa on a commercial Quantum 
Design 7 T Magnetic Property Measurement System XL 
SQUID Magnetometer using a home-made diamond anvil 
cell at temperatures between 1.8 K and 10 K. Small lead 
(Pb) probes were used for pressure determination utiliz- 
ing the pressure dependence of T c ,pb. 27 

The /iSR measurements under pressure were per- 
formed at the /iEl beamline of the Paul Scherrer Insti- 
tute (Villigen, Switzerland), using the GPD instrument 
equipped with an Oxford sorption pumped 3 He cryostat 
at temperatures down to 0.27 K. The pressure cells used 
during the /iSR measurement and experimental setup are 
described elsewherei 28 ' 29 Data were collected at magnetic 
fields up to 0.25 T and for the three pressures 0.2, 0.6 and 
1.0 GPa. Zero pressure data are taken from our early 
experiments^ High-energy muons with a momentum of 
105 MeVc -1 were used in order to penetrate the pres- 
sure cell walls. The typical statistics for both forward 
and backward detectors were 7 millions. The fraction of 
the muons stopping in the sample was about 45% while 
the remaining fraction stops in the pressure cell. Three 
different transverse (TF) as well as zero field (ZF) /zSR 
measurements were done for each pressure point. The 
temperature dependence of the superfluid density were 
analyzed with the fitting package musrfit developed by 
A. Suter and B. Wojek^a 



III. RESULTS AND DISCUSSION 

Figure. Q] exibits the AC susceptibility data for pres- 
sure up to 1.0 GPa together with the pressure dependence 
of T c . At ambient pressure the superconducting transi- 
tion temperature of RbFe2As2 is T c = 2.55(2)K and it 
decreases linearly upon increasing the pressure with a 
rather large value of dT c /dp = -1.32 K GPa^ 1 . A linear 
extrapolation of the data suggests that superconductivity 
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FIG. 1: (a) AC susceptibility measurements up to 1.0 GPa 
obtained with the same CuBe pressure cell as the one used 
for the fiSK experiments, (b) Pressure dependence of T c . The 
red solid line corresponds to a linear fit, and the dashed black 
line is an extrapolation up to 1.92 GPa. 



could be completely suppressed by a pressure of approx- 
imately 2 GPa. In most superconductors, T c is found to 
decrease under pressure, with some exceptions as in the 
cuprate oxides or some iron-based systems, which exhibit 
a remarkable increase! 31 ' 32 We note that a similarly large 
negative slope was found in another multi-gap supercon- 
ductor MgB2 where T c decreases under pressure at a rate 
of dr c /dp --1.11K GPa" 1 (see ref. 

The time evolution of the [iSR signal is best described 
by the polarization function^ 



A P(t) = A s exp[- 



t 2 ] cos(j f,B int t + (p) + 



+,4 pc exp[— ipt 2 ] j P(B pc ) cos( 7M B pc i + V )dB pc , (1) 

where the first term corresponds to the signal arising 
from the sample with the corresponding parameters: A s : 
initial asymmetry; a sc : second moment of the magnetic 
field distribution due to the flux line latice (FLL) in 
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FIG. 2: Temperature dependence of <J S (T) obtained for RbFe2As2 at different pressures. For each pressure, measurements at 
different fields were performed. The insert on the panel (b) corresponds to TF, and on the panel (c) - ZF pSH time spectra 
above and below T c at f .0 GPa pressure. 



the mixed state; <r n : depolarization rate due to the nu- 
clear moments; and i?i n t: internal magnetic field at the 
muon site. The second term on the right-hand side 
of Eq. Q] represents the pressure cell contribution. A pc 
denotes the initial asymmetry; a pc = 0.27 /is" 1 : field 
and temperature independent Gaussian relaxation rate 
of the CuBe pressure-cell material; and B pc is magnetic 
field sensed by the muons stopped in the pressure cell. 
7 M = 135.5342 x 2tt MHz T _1 is the muon gyromagnetic 
ratio and tp is the initial phase of the muon spin polariza- 
tion. P(Bp C ) is a distribution of magnetic fields sensed 
by the muons in the pressure cell which is calculated us- 
ing Eq. (A4) of reference H^. Therefore the integral is 
invoked to describe the sum of the applied field and the 
field induced by the sample in a diamagnetic state. 

For each pressure point zero-field (ZF) /iSR measure- 
ments have been performed to check the magnetic prop- 
erties of the system. No sign of magnetism neither static 
order nor slow magnetic fluctuations has been observed 
up to the highest pressure investigated in this study. This 
is illustrated by the ZF spectra at 1.0 GPa shown in the 
insert of Fig. [2](c). 

The superconducting properties were investigated by 
transverse field (TF) /xSR measurements in the mixed 
state after field cooling which ensures the formation of a 
uniform FLL. Fitting Eq. ([T]) to the /iSR time spectra, 
we obtain the temperature, magnetic field and pressure 
dependent parameters a sc (T, B,p) [see Fig.[5Ja,b,c)]. Us- 
ing the numerical Ginzburg-Landau model developed by 
Brandt^ 

a s [/is" 1 ] = 4.83 x 10 4 (1 - B cxt /B c2 )x 

x[l + 1.21(1 - ^B cxt /B c2 ) 3 ]\- 2 [nm] 

(2) 

one can fit the field dependent depolarization rate 
0s (-B cx t) |t, p = const, and evaluate two important parame- 
ters of the superconducting state, i.e. the London pen- 
etration depth A and the upper critical field B c2 (see 
Fig. El- This approach assumes that A is field indepen- 



dent, as it was confirmed by our previous zero pressure 
measurements. 2 ^ 

As a second step, the temperature dependence 
of the superconducting carrier concentration p s — 
n s (T)/n s (0) = A- 2 (T)/A- 2 (0) is calculated from the in- 
verse square of the penetration depth. It can be fitted 
using the local (London) approximation: 36 



A- 2 (r) 

A- 2 (0) 



f(e,T) [l-/(e,T)] de , 



leaving A 2 (0) and A(0) as free parameters 
f(e,T) ' ' 



(3) 
Here 



1 + cxp \^J( 2 + A(T) 2 /fc B TJJ represents 
the Fermi function with the BCS spherical s-wave type 
of A(T) gap<2°. As evidenced by our previous study2£ a 
s + s multigap model 



p s = W psl + (1 - (J) p. 



s2 



(4) 



where to is the relative weighting factor for the smaller 
gap, Ai (0), gives a satisfactory fitting result which is also 
supported by ARPES measurements where several dis- 
connected Fermi-surface sheets are detected for another 
member of 122 iron arsenide family* 1 - The fitting results 
are shown in Fig. Elb) and the pressure dependence of 
the parameters is reported on Fig. [4j It is found that 
the hydrostatic pressure only slightly reduces the super- 
fluid density. Note that at 1.0 GPa, one does not require 
anymore the s + s model and that a single s-wave gap sce- 
nario (i.e. to ~ 0) is sufficient to describe the data. One 
may remark that upon increasing the hydrostatic pres- 
sure the positive curvature of B c2 (T) near T c gradually 
disappears and ends up with a usual BCS temperature 
dependence shape at 1.0 GPa [Fig. [3]^a)], giving an ad- 
ditional indication of the disappearance of the smaller 
gap. Both gaps gradually decrease and at 1.0 GPa the 
small gap Ai essentially disappeared [Fig. Ufa)]; corre- 
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spondingly, its weighting factor is falling from a maxi- 
mum ofw = 0.36 value to [Fig. gjb)]. The BCS ra- 
tios 2Ai(0)/fc B T c = 1.5(1) and 2A 2 (0)/fc B T c = 4.5(1) are 
relatively independent on pressure up to 0.6 GPa fol- 
lowed by a gradual drop for the large gap value in the 
absence of the smaller gap. Upon increasing the hy- 
drostatic pressure from to 1.0 GPa, T c is reduced by 
^52%, while the superfluid density p oc A -2 is decreased 
by ~ 18%, only. In other words, as shown in Fig. [4] (d), 
the superfluid density only weakly depends on the hy- 
drostatic pressure in contrast to the strong dependence 
of T c , typical for unconventional high-T c superconduc- 
tors where a proportionality of this two quantities is usu- 
ally observed (at least in under- and optimally doped 
compounds) . Using the pressure-dependent values of the 
penetration depths and upper critical field one can de- 
termine the characteristic ratio, known as the Ginzburg- 
Landau parameter, n = A/£, determined at our base 
temperature of 0.27 £ is a superconducting coherent 
length calculated from the relation B c2 = $o/27r£ 2 , where 
$o = 2.0678xl0~ 15 Wb is the magnetic flux quantum. 
A reduction of 50% of k is determined at the highest 
available pressure of this experiment, pointing to a clear 
shift of the superconducting character of RbFe2 As 2 away 
from a strong type II superconductor towards low k clas- 
sical BCS superconductors. Interestingly, both T c and k 
linearly decrease with pressure and therefore we find the 
experimental correlation k oc T c (see Table fl} . 

One way to visualize and to shed light onto the na- 
ture of the superconducting state has been presented by 
Uemura et al. in Refs. [33 and HH. According to the 
so-called "Uemura plot" the universal linear relation be- 
tween T c and <j s (T — > 0) has been found for high temper- 
ature superconductor cuprates. The critical temperature 
appears to be proportional to the inverse square of the 
London penetration depth T c oc p s oc A~ 2 for a large 
number of cuprate superconductors, but the proportion- 
ality constant is different for hole- and electron-doped 
superconductors^ A number of Fe-based superconduc- 
tors appear to follow the Uemura relation (see FigJS]). 
For comparison reason we include the data points of 
RbFe2As2 to the Uemura plot. As evidenced from Fig. [SI 
various families of unconventional superconductors in- 
cluding high-T c Fe-based materials are characterized by 
small A -2 values (superfluid density) compared to their 
T c ; i.e. they exhibit a dilute superfluidity. In contrast, 
conventional phonon mediated superconductors like el- 



TABLE I: List of the pressure dependent parameters obtained 
from the analysis of A~ 2 (T). 

~~ P T Ax(0) A 2 (0) 2£M ~ 

(GPa) (K) (meV) (meV) (nm) 

0.00(0) 2.52(2) 0.15(2) 0.49(4) 1.5(2) 4.5(4) 24(1) 267(5) 
0.20(1) 2.28(1) 0.11(3) 0.45(7) 1.1(3) 4.6(7) 21(1) 274(5) 
0.60(1) 1.73(1) 0.08(4) 0.30(2) 1.1(6) 4.1(3) 17(1) 287(6) 
1.00(2) 1.21(1) 0.00(0) 0.15(1) 0.0(0) 2.9(2) 12(1) 295(6) 
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FIG. 3: (a) Temperature and pressure dependence of up- 
per the critical field B C 2(T). The stars corresponds to the 
values obtained by analyzing the temperature dependence of 
<7 S (T). The other points are obtained by fitting Eq. [5] to the 
c s (S e xt)|T, P = const, data, (b) Temperature and pressure de- 
pendence of A _2 (T). The solid lines correspond to a s + s-wave 
multi-gap fit model and the dashed one to a s-wave single-gap 
fit. 



emental metals possess a dense superfluid, and exhibit 
low values of T c . RbFe2As2 falls in between these two 
extreme cases. With increased hydrostatic pressure the 
critical temperature reduces rapidly, compared to super- 
fluid density, and the relation of T c to A~ 2 moves closer to 
the one characteristic for conventional superconductors. 

In the following, we discuss the different effects of 
chemical and hydrostatic pressure on the RbFe2As2 
system. As mentioned above, the related compound 
KFe2As2 is also superconducting with an increased T c — 
3.8 K compared to T c = 2.6 K in RbFe2As2- Due to the 
smaller ionic radius of K + compared to Rb + both the Al- 
and c-axis parameters of KFe2As2 are reduced.— ' 15 ' 18 ] 23 ! 40 
In other words, in the up-to-now hypothetical series 
Rbi_. y Kj / Fe2As2 the increasing chemical pressure with 
increasing y should finally lead to the experimentally ob- 
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FIG. 4: Pressure dependence of: (a) the zero-temperature gap 
values Ai(0) and A2(0), (b) the weight uj of the small gap, (c) 
the BCS ratios 2A(0)/&bTc for both gaps, and (d) the inverse 
square of the penetration depth A _2 (0) and Ginzburg-Landau 
parameter k. The lines are the guides to the eyes. 



served increased T c . In sharp contrast, our hydrostatic 
pressure experiments on RbFe2As2 show a strong reduc- 
tion of T c with increasing pressures. A possible way out 
of the apparent discrepancy could be a non-monotonic 
dependence of T c on pressure with a reappearance of su- 
perconductivity at higher pressures as it was recently ob- 
served in another Fe-based superconductor ! 41 ! 42 There- 
fore, we tested this hypothesis by performing further 
magnetization studies under high pressure using a di- 
amond anvil cell. No superconducting transition was 
detected above 1.8 K up to our maximum pressure of 
5.4 GPa. Based on these experimental facts, one has 
to conclude that external pressure is not equivalent to 
chemical pressure in this particular compound. This is 
probably related to the different effects of the two forms 
of pressure on the local atomic structure within the FeAs 
tetrahedra which is known to be one of the governing pa- 
rameters determining T c in Fe-based superconductors.— 



IV. SUMMARY AND CONCLUSION 

To summarize, /xSR and magnetization measurements 
under hydrostatic pressures (0.2, 0.6 and 1.0 GPa) 
were carried out on the polycrystalline RbFe2As2 hole- 
overdoped iron-based superconductor. A negative pres- 
sure effect was observed on critical temperature with a 
rate of dT c /dp = -1.32 K GPa" 1 in contrast to a positive 
effect expected for an equivalency of chemical and hydro- 
static pressures. The zero temperature values of London 
penetration depth A(0), superconducting gaps A(0), up- 
per critical field B C 2, and Ginzburg-Landau parameter 
k = A/£ have been evaluated from the experimental data. 
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FIG. 5: Uemura plot for some Fe-based high temperature 
superconductors. The Uemura relation observed for under- 
doped cuprates is shown as a black dashed line for elec- 
tron doping and as a solid line for hole doping The 
data are taken from the following references: LaFeAsOi_ x F x 

- [3S3|. NdFeAsi-xF x - glEl]. FeSei_ x - 
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- obtained in this work and in I25I1. 



The superfluid density was found to be weakly pressure 
dependent, while k and T c are linearly reduced by 50% 
by the application of pressures up to 1 GPa. Upon in- 
creasing the hydrostatic pressure, the system undergoes 
a transition from a s + s-wave multi-gap superconducting 
state to a single s-wave gap state. 

Here, one can highlight three main points in favor of 
tendency to the conventional BCS type of superconduc- 
tors: 

(i) Upon increasing the hydrostatic pressure RbFe2As2 
compound exhibits a gradual transition from two gap 
to single gap state ending up with the BCS ratio of 
2A/k B T c = 2.9(2). 

(ii) A Strong reduction of K from 24 down to 12 is ob- 
served, getting closer to the conventional BCS supercon- 
ductors, and in the limit of high pressures it extrapolates 
to value typical for the type I superconductors. 

(iii) The Uemura classification scheme shows that with 
increased hydrostatic pressure the critical temperature 
reduces more rapidly than the superfluid density, and 
the relation of T c to A -2 moves closer to the region where 
low critical temperature and high superfluid density are 
characteristics for conventional superconductors. 

Moreover, n s is only diminished by 18% at p = 
1 GPa indicating that the proportionality of n s and 
T c found for several families of under and optimally 
doped unconventional superconductors does not hold for 
RbFe2As2 either. On the other hand, these observa- 
tions are rather typical for classical low temperature BCS 
superconductors^ In addition, the temperature depen- 
dence of n s is best described by a two gap s-wave model 
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with both superconducting gaps being decreased by hy- 
drostatic pressure until the smaller gap completely dis- 
appears at 1 GPa. Hence, the hydrostatic pressure ap- 
pears to shift the nature of the ground state of the hole- 
overdoped RbFe2As2 system to an even more classical su- 
perconducting state. The superconducting ground state 
of the hole-overdoped RbFe2As2 system appears to be 
rather conventional. Since no superconducting transition 
was detected above 1.8 K up to 5.4 GPa pressure, one 
may conclude that external pressure is not equivalent to 
chemical pressure in this particular compound. The ex- 
perimental and theoretical comparisons of the electronic 
properties of RbFe2As2 under pressure with optimally 
doped members of the same family should therefore pro- 



vide new insight into the origin of the high-T c phenomena 
in Fe-based superconductors. 
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